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Abstract Both, the influenza C (INF-C) virus haemaggluti- 
nin esterase fusion and bovine coronavirus (BCoV) haemag- 
glutinin esterase surface glycoproteins exhibit a lectin binding 
capability and a receptor-destroying 9-O-acetyl esterase 
activity that recognise 9-O-acetyl-N-acetylneuraminic acid 
(Neu5,9Ac>)-containing glycans. Here we report nuclear 
magnetic resonance and molecular modelling studies on the 
9-O-acetyl esterase showing that the «-configured 
Neu5,9Ac, is strictly preferred by the INF-C and BCoV 
esterases. Interestingly, we have discovered that the INF-C 
esterase function releases acetate independently of the 
chemical nature of the aglycon moiety, whereas subtle 
differences in substrate recognition were found for BCoV 
esterase. Analysis of the apo and complexed X-ray crystal 
structure of INF-C esterase revealed that binding of 9-O- 
acetylated N-acetylneuraminic acids is a dynamic process 
that involves conformational rearrangement of serine-57 in 
the esterase active site. This study provides valuable insights 
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towards the design of drugs to combat INF-C virus and 
coronavirus infections causing outbreaks of upper respira- 
tory infections and severe diarrhea in calves, respectively. 
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Abbreviations 
INF-C influenza C 
HEF haemagglutinin esterase fusion 


BCoV _ bovine coronavirus 
HE haemagglutinin esterase 
NMR _ nuclear magnetic resonance spectroscopy 


Introduction 


Influenza C (INF-C) virus causes outbreaks of upper res- 
piratory infections worldwide and the risk of complications 
with lower-respiratory-tract illness is high in children 
younger than 2 years of age [1]. In contrast to influenza 
A and B viruses, which bind to JN-acetylneuraminic 
acid (NeuSAc, 1) [2, 3], INF-C viruses strictly employ 9- 
O-acetylated N-acetylneuraminic acid (9-O-acetyl-N- 
acetylneuraminic acid, Neu5,9Ac>, 2) as a receptor [4, 5] 
(Fig. 1). The INF-C haemagglutinin esterase fusion (HEF) 
protein serves as a receptor-binding protein, displays 
receptor-destroying 9-O-acetyl esterase activity [6, 7] and 
promotes fusion of the viral and endosomal membranes [5]. 
NeuS,9Ac, (2) occurs ubiquitously also on non-suitable 
host cells, on virions and on soluble and insoluble mole- 
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cules in the extracellular environment. The esterase activity 
provides an escape ticket for the virion progeny preventing 
irreversible non-productive binding to such receptors. 
Besides INF-C viruses, infectious salmon anaemia virus 
[8, 9], toroviruses [10] and group 2 coronaviruses [11-17] 
express evolutionarily related O-acetylesterases. Bovine 
coronavirus (BCoV) is closely related to the human res- 
piratory coronaviruses HCoV-OC43 and HKU [18, 19] and 
causes severe diarrhoea in calves and winter dysentery in 
adult cattle resulting in loss of productivity in the livestock 
industry. Viral sialate-O-acetylesterases represent a family 
of serine (Ser) hydrolases [20]. They covalently bind the 
serine hydrolase inhibitor diisopropyl-fluorophosphate 
(DFP) [8, 12, 21]. By labeling with 7H-DEP, the active site 
serine residue of the INF-C virus esterase was identified as 
serine-71 of the precursor protein [20, 22], which after 
proteolytic removal of the signal peptide corresponds to 
serine-57 in the mature HEF protein. The active site of 
serine esterases is composed of a charge relay system [23], 
also termed catalytic triad. In the mature INF-C HEF 
protein this triad is formed by Ser-57, histidine (His)-355 
and aspartate (Asp)-352 [24]. 

To gain a better understanding of the mechanism and 
mode of action of O-acetylesterases, nuclear magnetic reso- 
nance (NMR) studies in combination with molecular model- 
ling studies of the receptor-destroying 9-O-acetyl esterase 
from INF-C virus and BCoV (Scheme 1) have been un- 
dertaken. Specifically, we have utilized one-dimensional 'H 
NMR spectroscopy to follow the enzyme-catalyzed reaction 
of the INF-C and BCoV esterases using a number of 9- 
O-acetyl N-acetylneuraminic acid derivatives. NMR-based 
enzyme assays allowed simultaneous monitoring of the 
consumption of substrates and subsequent build-up of 
products. Our NMR and molecular modelling experiments 
show that the Neu5,9Ac> in its «-configuration is strictly 
preferred by both the INF-C and BCoV esterase. Inter- 
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estingly, the INF-C esterase function releases acetate 
completely independently of the chemical nature of the 
aglycon moiety. 


Materials and methods 


Expression of influenza C virus HEF and bovine 
coronavirus HE 


The INF-C virus HEF used in this study comprises of a 
chimeric recombinant soluble influenza C/Cal/78 virus 
haemagglutinin esterase protein fused in frame to enhanced 
green fluorescent protein (HE12-GFP). The HE12-GFP 
protein was expressed in insect Sf9 cells in serum-free 
media by recombinant baculoviruses [25]. The HE12-GFP 
was purified from cell culture supernatant by ultracentrifu- 
gation followed by an application to a Q-Sepharose FF 
column. The esterase was dialyzed against 25 mM Na- 
phosphate pH 7.0 and freeze-dried for transport. The 
lyophilized enzyme was resolved in deuterated phosphate 
buffer as used for NMR analysis. The esterase activity of 
INF-C virus HEF and coronavirus HE was determined with 
p-nitrophenyl acetate (pNPA) as described previously [7, 
25]. One milliunit of viral esterase activity was defined as 
the amount of enzymatic activity resulting in the hydrolysis 
of 1 nmol of pNPA per minute. The ectodomain (residues 
19-388) of BCoV strain Mebus was expressed as an Fc 
fusion protein in human embryonic kidney 293 cells as 
described previously [26] and purified from the tissue 
culture supernatant by protein A-affinity chromatography. 


Preparation of 9-O-acetylated N-acetylneuraminides 


Figure 2 shows the 9-O-acetylated N-acetylneuraminides 
used in this study. Neu5,9Ac, (2) was isolated from bovine 
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submaxillary mucin by acid hydrolysis [27] and purified as 
previously described [15] followed by a second purification 
with a Dowex | x 8 (mesh 200-400) anion exchange column. 
The known 9-O-acetylated methyl N-acetylneuraminides 
Neu5,9Aco~2Me (3) [28], NeuS,9Ac.B2Me (5) [29], and 
thio-linked N-acetylneuraminosylglucoside, Neu5,9Ac, 
x(2-6)-S-GlcB1Me (4) [30] were readily synthesized from 
the corresponding /N-acetylneuraminide in 80%, 85% 
and 70% isolated yields respectively according to published 
protocols. 


NMR experiments 


NMR-based INF-C virus and BCoV esterase assays were 
analysed on a Bruker 600 UltraShield™ at 298 K in deu- 
terated 100 mM phosphate buffer, 100 mM NaCl, pH 7.0. 
'H NMR spectra were acquired with 32 scans, a 2 s 
relaxation delay over a spectral width of 6,000 Hz. Solvent 
suppression of the residual HDO peak was achieved by 
continuous low power presaturation pulse during the 
relaxation delay. Data acquisition and processing were 
performed with XWINNMR software. Substrates 2, 3, 4, 
and 5 were dissolved in NMR buffer and a 1 mM solution in 
a total volume of 600 uL in the absence of protein was 
prepared and a 'H NMR spectrum acquired. After addition 
of 20 mU HE12-GFP and 6.6 mU BCoV 'H NMR spectra 
were recorded in 5 min intervals over 100 min (Fig. 3). An 
identical protocol was used to follow the reaction of BCoV 
esterase (Fig. 3). Prior to NMR-based enzyme assay 
chemical shift assignment of all used substrates was 
achieved by correlation spectroscopy, total correlation spec- 
troscopy, nuclear overhauser enhancement spectroscopy and 
heteronuclear single quantum correlation NMR experiments. 


Molecular modelling and forced torsion grid search 


Molecular modelling investigation was performed with the 
crystal structure [31] (Protein Data Bank acc. no: 1FLC) 


and the crystal structure pro and visualized with Insight II 
(Accelrys. InsightII, Accelrys Inc., San Diego, CA, USA 
2001) software. The forced torsion grid search used carried 
out by the extraction of the Neu5,9Ac, structure from the 
crystal structure [31] and used as the starting point to build 
Neu5,9Ac ,«2-6-S-GlcB1Me using InsightIIl. The three 
torsion angles involved in the 2-6-glycosidic linkage 
(®,W,Q) were forcibly rotated using Discover (Discover, 
Accelrys Inc., San Diego, CA, USA 2001), in increments of 
90° with the intramolecular energy being evaluated at each 
step using consistent valence force field [32]. Conforma- 
tions that were within 25 kcal/mol of the lowest energy 
structure were extracted and viewed in InsightII using a 
biosym command language macro that superimposed the 
ring atoms of the sialic acid of each conformation onto 
the ring atoms of the sialic acid in the crystal structure. 
The results are viewed in Fig. 4 where conformational flexi- 
bility is displayed relative to the solvent accessible surface 
of the HEF active site. 


Results and discussion 


Figure 3a shows the 'H NMR spectrum of NeuS,9Ac, 
«2Me (3) after incubation of with INF-C HEF for | h. A 
dramatic reduction of the 9-O-acetyl signal (9-O-Ac, 
Fig. 3a; intensity at 2.05 ppm) and simultaneously an 
increase of the intensity of the free acetate signal (Fig. 3a) 
at 1.81 ppm could be detected. No changes in intensity of 
the 'H NMR signal of the methyl protons of the N- 
acetamido moiety (1.92 ppm) could be observed, because 
de-O-acetylation at C9 has no effect on the chemical shift 
of the N-acetamido group at C5 (Fig. 3a). To study the 
activity of INF-C HEF towards different substrates and to 
determine the effect of aglycon groups, we compared the 
time-based acetate release for Neu5,9Ac.~2Me (3), 
Neu5,9Ac»«(2-6)-S-GlcB1Me (4), and NeuS,9Acz (2; 
Fig. 3b). INF-C HEF de-O-acetylated all three substrates, 
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Fig. 3 a 600 MHz 'H NMR 
spectrum of Neu5,9Ac,a2Me 
(3) at 0 min (bottom panel) and 
after 60 min incubation with 
INF-C virus HEF (top panel); 
b relative integrals of the acetate 
"H NMR signal (1.81 ppm) after 
INF-C virus HEF incubation; 
¢ comparison of the relative 
rates of the acetate release by 
INF-C virus HEF and BCoV 
HE. The following substrates 
were used: Neu5,9Ac.~2Me 
(3; square), Neu5,9Ac «(2-6)- 
S-Glcf1Me (4; filled diamond), 
and Neu5,9Ac> 
(2; filled triangle) 
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but Neu5,9Ac, (2) only inefficiently. Interestingly, NeuS, 
9Ac.“2Me (3) and NeuS,9Ac«(2-6)-S-GlcB 1Me (4) were 
cleaved at similar rates. We conclude that for these sub- 
strates the rate of acetate release is independent of the 
chemical composition of the aglycon moiety (methyl and 
sulfur «(2-6)-linked glucose unit, respectively). To provide 
further evidence that the acetate release is independent of 
the chemical composition of the aglycon unit, we have re- 
examined the x-ray crystal structure [24, 30] of INF-C virus 
HEF in complex with the «-methyl glycoside of 9-acetamido- 
9-deoxy-N-acetylneuraminic acid (9-acetamido-9-deoxy- 
NeuSAca,Me, 6). The 9-O-acetyl sialic acid portion of the 
disaccharide 4 was superimposed with the monosaccharide 
6. Sixty-four different conformations of the thio-«(2-6)- 
linkage were generated to access an ensemble of conforma- 
tions of four. Figure 4 illustrates low-energy conformations 
of 4 superimposed with 6 within the active site of INF-C 
HEF. It is immediately obvious that in these selected con- 
formations, the glucose unit appears to have little, if any, 
interaction with the protein surface. This observation is 
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Fig. 4 Superimposition of the sialic acid portion of a set of 
conformations of Neu5,9Ac.«(2-6)-S-GlcB1Me (4) with the methyl 
9-acetamido-9-deoxy-N-acetyl-~-D-neuraminide (9-acetamido-9-de- 
oxy-NeuS5Aca2Me, 6) within the active site of INF-C HEF. The 
glucose moiety of 6 does not interact with the protein surface and 
more likely has no effect on acetate cleavage and release 
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evidence that the aglycon moiety does not interact with the 
protein and, more importantly, not with the acetate cleavage 
site, supporting our assumption that the rate of acetate 
release for INF-C HEF is independent of the chemical 
composition of the aglycon moiety. 

We reasoned that the reduced enzymatic activity of HEF 
towards Neu5,9Ac>z (2) might be related to the solution 
anomeric ratio of this substrate. Both Neu5,9Ac.~2Me (3) 
and NeuS,9Ac,«(2-6)-S-GlcB 1Me (4) are locked in the «- 
configuration whereas Neu5,9Ac> (2) has an «:fs anomeric 
ratio of ~5:95, as determined by 'H NMR spectroscopy 
(data not shown). To investigate this directly, we measured 
acetate release from the strictly B-anomerically-configured 
substrate, Neu5,9Ac»82Me (5). Our NMR-based enzyme 
assay revealed that after 1 h incubation with INF-C HEF, 
the 9-O-acetyl signal (2.05 ppm) had the same intensity 
compared to the 'H NMR spectrum in the absence of the 
enzyme. From this observation, we conclude that the B- 
anomer does not interact with the HEF esterase in an 
optimal manner. To determine whether this was specific to 
the INF-C enzyme, we analyzed the prototype esterase of 
group 2 coronaviruses (BCoV HE). A comparison of the 
relative rates of acetate release catalyzed by INF-C virus 
and BCoV esterase is shown in Fig. 3c. It is immediately 
obvious that the rate of acetate release from Neu5,9Ac> 
«2Me (3) by BCoV HE is higher when compared to the 
Neu5,9Ac.a(2-6)-S-GlcB 1Me (4). For both enzymes very 
slow rates of acetate release were detected for Neu5,9Ac> 
(2). This result supports the notion that the BCoV HE 
esterase has a similar mode of action compared to the INF- 
C virus esterase and engages, most efficiently, only the a- 
configured 9-O-acetylated substrates. To understand our 
observed NMR-based assay results at a molecular and 
atomic level, we re-examined the X-ray crystal structure 
[24, 30] of INF-C virus HEF in complex with the «-methyl 
glycoside of 9-acetamido-9-deoxy-N-acetylneuraminic acid 
(9-acetamido-9-deoxy-NeuSAca2Me, 6) as shown in 
Fig. 5. The catalytic triad of the INF-C virus HEF is com- 
posed of Ser-57, His-355 and Asp-352. The 9-O-acetate 
carbonyl oxygen atom orients towards an oxyanion hole 
formed by the sidechain of asparagine-117 and the NH 
groups of glycine-85 and Ser-57. The catalytic residue Ser- 
57 is positioned for nucleophilic attack on the 9-O-acetate 
carbonyl carbon and the carboxylate group of the N- 
acetylneuraminic acid moiety forms two hydrogen bonds 
with arginine (Arg)-322, thus providing enhanced substrate 
binding. Overall, it is evident that the 9-O-acetate and the 
carboxylate group are involved in major contacts with the 
protein. To investigate this further we superimposed 6 with 
its related B-isomer 9-acetamido-9-deoxy-NeuSAcB2Me 7. 
Figure 5 shows the orientation of the carboxylate moiety 
of 7 assuming an overall identical binding mode. From our 
molecular modelling studies it is apparent that the esterase 
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Fig. 5 Superimposition of the INF-C virus HEF active site structure. 
The apo structure carbons are shown in brown and the 9-acetamido-9- 
deoxy-NeuS5Aca2Me (6) INF-C virus HEF complex in atomic colours 
(xOMe not displayed). The carboxylate group (COO ) of the 9- 
acetamido-9-deoxy-NeuSAcB2Me (7) is also shown (cyan). The 
conformational rearrangement of Ser-57 upon substrate binding is 
clearly observed 


could indeed perfectly accommodate a 6-methyl glycoside 
such as 7, but the important bi-dendate interaction of the 
carboxylate with Arg-322 would be disrupted. We propose 
that loss of this important interaction provides a ration- 
alisation of why Neu5,9Ac 82Me (5) is not a suitable sub- 
strate for INF-C virus and coronavirus esterases. This result 
leads us to suggest that there are two absolutely essential 
pharmacophoric groups in correct spatial arrangement 
required for strong ligand interaction: the 9-O-acetyl and 
the C-1 carboxylate groups. We postulate that both moieties 
are fundamental requirements for the design of a new class 
of potent esterase inhibitors that are based on carboxylate- 
containing compounds. Our structural examination of the 
apo and complexed INF-C virus receptor-destroying es- 
terase domain further revealed some previously unobserved 
remarkable differences that provide valuable insight for 
structure-based drug design (Fig. 4). Most striking is the 
conformational rearrangement of the important catalytic 
amino acid Ser-57. Attempts to dock (data not shown) 
Neu5,9Ac.«2Me (3) into the binding site of the apo (blue) 
INF-C virus esterase structure failed as a result of steric 
hindrance in the 9-O-acetyl binding domain created by the 
carbonyl oxygen of Ser-57. It can be seen that the carbonyl 
oxygen of Ser-57 points into the oxyanion hole of the apo 
structure (Fig. 5, carbons in brown) preventing the binding 
of substrate. Upon complexation of 6 the Ser-57 carbonyl 
group moves down to facilitate an internal hydrogen bond 
with a His-355-ring nitrogen (Fig. 5, atomic colours). This 
conformational rearrangement opens the 9-O-acetyl binding 
site and allows the binding of the O-acetyl moiety. 
Therefore, the essential amino acid Ser-57 is not only 
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responsible for catalytic activity, but more importantly for 
binding and orientation of the substrate in the first place. 


Conclusion 


In summary, we have shown that the «-carboxylate and 9- 
O-acetate moieties are essential pharmacophoric groups. For 
INF-C virus HEF protein, the rate of acetate release was 
independent of the type of the aglycon showing identical 
rates for an O-methyl and an «(2-6)-S-linked glucose 
moiety. Our examination of the structures of both apo and 
6-INF-C virus HEF further suggests that the catalytic amino 
acid Ser-57 undergoes a conformational change when 
binding a 9-O-acetylated N-acetylneuraminide. Our com- 
bined NMR and molecular modelling study provides new 
insights into these important enzymes and paves the way for 
the design and development of novel antiviral therapeutics. 
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